Giant lasing effect in magnetic nanoconductors 
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We propose a new principle for a compact solid-state laser 
in the 1-100 THz regime. This is a frequency range where 
attempts to fabricate small size lasers up till now have met 
severe technical problems. The proposed laser is based on a 
new mechanism for creating spin-flip processes in ferromag- 
netic conductors. The mechanism is due to the interaction 
of light with conduction electrons; the interaction strength, 
being proportional to the large exchange energy, exceeds the 
Zeeman interaction by orders of magnitude. On the basis of 
this interaction, a giant lasing effect is predicted in a system 
where a population inversion has been created by tunneling 
injection of spin-polarized electrons from one ferromagnetic 
conductor to another — the magnetization of the two fer- 
romagnets having different orientations. Using experimen- 
tal data for ferromagnetic manganese perovskites with nearly 
100% spin polarization we show the laser frequency to be in 
the range 1-100 THz. The optical gain is estimated to be of 
order 10 7 cm _1 , which exceeds the gain of conventional semi- 
conductor lasers by 3 or 4 orders of magnitude. A relevant 
experimental study is proposed and discussed. 

The ability to synthesize magnetically ordered, lay- 
ered conductors with nearly 100% spin-polarization of 
the conducting electrons [1], has opened up a new field 
in solid state physics, the field of " spintronics" [2,3]. 
Spin-dependent tunneling of electrons is one phenomenon 
that has already found commercial applications based on 
the resulting "giant" magnetoresistance of certain layered 
structures [2,3]. Other applications are bound to follow. 
The possibility to control, by means of a bias voltage, not 
only the energy but also the spin of electrons injected into 
a magnetic conductor makes it feasible to investigate the 
properties of highly excited spin-polarized electrons. An 
example of such a system is presented in Fig.l, where 
the hatched region corresponds to an equilibrium dis- 
tribution of (spin-up) electrons in a spin-polarized con- 
ductor. The dotted area marks a non-equilibrium dis- 
tribution of "hot" (spin-down) electrons. Relaxation of 
the spin-down electrons to an equilibrium configuration 
requires spin-flip processes and is therefore completely 
blocked if such processes are not allowed. In the pres- 
ence of such a "spin lock" against relaxation, highly ex- 
cited states in the material may have a long lifetime, 
which may in turn determine novel "spintronics" effects 
in spin-polarized conductors. The objective of this Let- 
ter is to demonstrate how electromagnetic radiation may 
remove the spin-lock effect and to demonstrate some im- 



portant consequences of this effect for spintronics. We 
will show that the radiation makes the blockade of relax- 
ation weaker through its coupling to the exchange inter- 
action in magnetically ordered conductors. This comes 
about via the dependence of the exchange constant on 
the momenta of the conduction electrons. As a result a 
lasing effect is shown to occur in systems where an in- 
verted electron population has been created by the tun- 
neling injection of spin-polarized electrons from one fer- 
romagnetic conductor to another (the orientation of the 
magnetization being different in the two ferromagnets). 
An example of such a system is presented in Fig. (3). Our 
estimations show that a laser with an optical gain that 
exceeds the gain of conventional semiconductor lasers by 
three or four orders of magnitude can be built and argue 
that laser action can be achieved provided care is taken 
to design the system so that the lasing region is not too 
much heated. The frequency of these lasers can be in a 
wide range that includes the interval 1 - 100 THz. 




FIG. 1. Schematic representation of the band structure 
of a magnetically ordered conductor. The hatched region 
corresponds to an equilibrium distribution of spin-up elec- 
trons in the lower band, while the dotted region indicates a 
non-equilibrium distribution of "hot" spin-down electrons in 
the upper band. Arrows show electron spin directions in the 
bands 

The Hamiltonian for the electrons in a magnetically 
ordered conductor can be written as 



H = <j 



p- 



2m* 



(1) 



where m* is the effective mass, p is the momentum op- 
erator, <r are Pauli matrices, ao is the 2x2 unity matrix, 
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and I is the exchange energy. According to Eq.(l) the 
dispersion law for electrons with spins pointing up/down 
is 



e u (p) 



p 

2m* 



(2) 



We will deal with a system, schematically presented 
in Fig. 3, in which two potential barriers divide the mag- 
netic conductor into three parts; the magnetization of 
two adjacent magnetic conductors (regions A and B) are 
pointing in opposite directions. A bias voltage V is ap- 
plied between regions A and C. We assume that the 
spin relaxation time vj 1 [4], the time of energy relax- 
ation without changing the electron spin direction t e and 
the time of electron tunneling t tU n obey the inequality 
t-E *C t tU n *C v~ x . In the absence of spin-flip processes, 
the energy relaxation of injected spin polarized electrons 
creates a non-equilibrium state in which equilibrium is 
established only within each group of electrons with a 
fixed spin polarization. Therefore, in region B electrons 
in the spin-up and spin-down energy bands arc in local 
equilibria corresponding to the different chemical poten- 
tials hi and fii , respectively, while the system as a whole 
is far from equilibrium. 

According to Eq.(2) the energy conservation law for 
vertical transition of electrons with emission of photons of 
frequency u does not depend on the electron momentum: 



E y (p) - E l (p) - huj = 21 - Hlo 



(3) 



It follows that for u = 2I/h all "hot" electrons are in res- 
onance with the electromagnetic field, and hence stimu- 
lated emission of light due to transitions of electrons from 
filled states of the upper band to the empty states of the 
lower band is possible for all electrons in the energy range 
/i| — Hi- As seen in Fig. 3, under the neutrality condition 
N-\ + Ni = (A?f and N[ are the densities of spin-up 
and spin-down electrons, is the equilibrium electron 
density) the population inversion needed for lasing re- 
quires a large enough bias voltage, V > (21 — ^ )/e. 

The conventional Zeeman term Hz = ,9MbH<t describ- 
ing interaction between the (hot) electrons and an elec- 
tromagnetic field does provide a mechanism for stimu- 
lated radiative transitions between the energy bands con- 
taining electrons with opposite spin directions. However, 
it is relatively small in magnitude and it is not the most 
important mechanism. For ferromagnets, we would like 
to suggest a much more effective mechanism of interac- 
tion between light and conduction electron spins. This 
mechanism is based on the dependence of the exchange 
energy (1) on the momentum p of the conduction elec- 
tron. The momentum dependence has to do with the 
overlap of the wavefunctions of the conduction electron 
and the magnetic sub-system (see, e.g., [5]). It is deter- 
mined by the value of pa/fi, where a is the characteristic 
size of the orbital (that is a is an atomic-scale length). 



This is why it varies with the momentum of the conduc- 
tion electron. In the absence of an electromagnetic field 
the Hamiltonian which describes this situation can be 
written as 



p 



(4) 



In the presence of an electromagnetic field with vector 
potential A the momentum operator p in Eq. (4) must be 
changed to p — (e/c)A. Expanding in powers of (e/c)A 
one gets an effective Hamiltonian H e ff = e(p) + H^ 
where the perturbation Hamiltonian [6] is 



e dl 81 

eff - 2^ ' + A VP=P 



dpi dpi 



(5) 



In Eq.(5) we have omitted terms that do not flip spins; 
summation over double indices is implied: a%bi = ab. 
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FIG. 2. Schematic illustration of how electrons are injected 
into the active region for the case that the adjacent ferromag- 
nets have different magnetization directions (shown with long 
arrows; electron spins, a, are shown with short arrows with 
black dots at the end). An electron from the left-side ferro- 
magnet with its spin parallel to the magnetization direction 
passes through a sharp boundary (shown as a vertical thick 
line) between the ferromagnets without changing spin direc- 
tion. In the right-side ferromagnet it emerges with its spin 
in a superposition of the spin-up and spin-down states. The 
classical precession of the spin is indicated by a dotted ellipse. 

If the injected electrons are prepared in such a way 
that their spins are not parallel to the magnetization in 
the active region B (see Fig. 3), the Hamiltonian (5) pro- 
duces spin-flips and hence stimulates the needed radiative 
transitions of hot electrons in the upper band to the lower 
energy band. This process is illustrated in Fig. 2, where 
an electron (with its spin parallel to the magnetization) is 
impinging on the boundary from the left, passes through 
the boundary and is scattered into a quantum superposi- 
tion of spin-up and spin-down states in the active region 
to the right of the boundary. The wave function of the 
electron in the active region B is 



*(r) = e 4p ^ 



fe=i 



" 1 I + /(I Z + (-!)*/) 1 ' 



(6) 



where the x-axis is perpendicular and the y- and z- 
axes are parallel to the boundary; the projections of the 
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electron momentum and the coordinate on the bound- 
ary are p_i_ = (0,p v ,p z ) and r_L = (0,y,z), while 
p lj2 = yj2m * {E^ I) — p\ and I + — I x + il y ; coeffi- 
cients 0.^2 (-E 1 ) are found by matching the wave functions 
of the electron in the active region (the right-hand side 
of Fig. 2) and in the injecting region (left-hand side of 
Fig. 2) at the boundary (we do not present their explicit 
form here). 

Using Eq.(6) as the initial proper state *,(r) belonging 
to the initial energy Ei and the final state W f (r) belong- 
ing to the final energy Ef one sees that matrix element 

(\I//(r)| -ffg// l^i( r )) ( tne probability amplitude for a ra- 
diative electronic transition between the unperturbed en- 
ergy bands) is not zero if PxiEi) — p 2 {Ef). From here 
it follows that the difference between the initial and the 
final energies should be Ei(p) — Ef(p) = 21 (p). 




FIG. 3. Schematic illustration of a population inversion in 
a magnetic conductor (region B). A bias voltage V is applied 
between magnetic conductors (^4 and C) which have oppo- 
site directions of their magnetizations (the thick vertical lines 
represent potential barriers). Arrows show the electron spin 
directions in the electron energy bands; /jo is the equilibrium 
chemical potential (in the absence of bias). Population inver- 
sion requires the bias voltage to be V > (21 — (M>)/e. The 
insertion shows a possible realization of a structure in which 
two magnetic conductors with opposite magnetization direc- 
tions are coupled through a microbridge (B). 

Taking such wave-functions as the initial and the fi- 
nal states and performing standard calculations [9] using 
Eq.(5) and Fermi's golden rule one gets the stimulated 
transition rate per unit volume of active material as 



_ 32^ 2 H I'| 2 hu s (hNj - b 2 N i ) AT 
St ~ n 2 w (Hu-2I) 2 + (hu a ) 2 P 
x |([e [e dr • e Q ]] • e,f + ([e dr • e a ] • e 4 ) 2 | 



(7) 



Here /i and n are the magnetic permeability and the re- 
fractive index of the medium, respectively, N p is the pho- 
ton density, ui is the photon frequency, the constants b\ 
and 62 are of order unity, the unit vectors e a and are 
directed along the magnetizations in the active (right- 
hand side of Fig. 2) and injection (left-hand side of Fig. 2) 



regions, respectively, while €d r is parallel to the vector 
I' = eidl/dpi, where e is the unit polarization vector in 
the direction of the vector potential A. 

Eq.(7) was derived under the assumption that 
|/'|Pft < ^ v s [pf] is the Fermi momentum of electrons in 
the upper band), that is the additional dispersion caused 
by the dependence of I on the electron momentum (see 
Eq.(4)) is smaller than the broadening of the electron en- 
ergy due to spin-flip processes. In the opposite limiting 
case |/'|pft ^ ^v s one has 



iV 2/3 ) N, 



32tt e 2 p / / 2/3 , 
nuj n z \ 1 
x |([e a [e dr • ej] • + {{e dr ■ e a ] ■ Cj) 2 | 



(8) 



where the constants 63,4 ~ 1. 

One of the necessary conditions for the lasing effect to 
be realized is (see, e.g., [9]): 



R, 



v p N p 



(9) 



where v v is the photon relaxation rate. We consider the 
case that damping of electromagnetic waves is mainly due 
to absorption by free charge carriers, the frequency of the 
photon relaxation being v v — 2koj/n (see [10]). For es- 
timating the parameters of the problem we use standard 
formulae for the refractive index n and the absorption 
coefficient k for metals subject to electromagnetic fields 
(see, e.g. [11]). One finds that 



p 47TCr(0) 

^ 1 + Mo) ; 



(10) 



where ao is the static conductivity of the conductor, to 
is the transport electron relaxation time. 

Using Eq.(7) and Eq.(10) one can rewrite Eq.(9) as 



xV T + iVj. 



hv s pl/m* 



21 ht^ 1 1 + M0) 2 



(11) 



where po — Ti/a ~ 10~ 19 erg sec/cm. 

It seems that for achieving the lasing effect the most 
favorable materials are ferromagnetic manganese per- 
ovskites with nearly 100% spin polarization of the con- 
duction electrons ( [1,12,13]). The high degree of polar- 
ization of the carriers permits the creation of a population 
inversion of the energy bands in the active region B (see 
Fig. 3). Here and below we use experimental values of the 
needed parameters: the mean free path Iq = 1.4 x 10~ 7 



cm, the Fermi velocity vf ~ 10 cm/s, to « 10 



and 



to* = 0.3to c where m e is the free electron mass, the num- 
ber of carriers w 3.4x 10 21 , the resistivity p ~ 10~ 4 -^10~ 3 
( [14]). Inserting these values into Eq.(ll) one finds the 
lasing condition to be 
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For the case |J'|pft ^ ^v s (see Eq.(8)), the lasing con- 
dition Eq.(9) is 



iv T 2/3 



N 2/S 



0.5 x 10" 7 cm 



From these equations it follows that the lasing con- 
dition R st — v s N p is easily satisfied since one needs 
hv s /I to be less than 10 _1 while the theoretical esti- 
mate of the spin relaxation rate v s gives the value 1CP 2 
for this ratio. Estimations based on the above experi- 
mental values of the parameters show the optical gain to 
be g op t = (n/c)R st ~ 10 7 cm" 1 and the threshold cur- 
rent density to be j th = elv s N^ ~ 10 7 10 8 A/cm ~ 2 
if the length of the active region is I = 10~ 5 cm. Esti- 
mations for N e ~ 10 18 cm ~ 3 shows the optical gain and 
the threshold current to be g op t ~ 10 3 -j- 10 4 cm _1 and 
jth ~ 10 5 A/cm - 2 . 

We predict an extremely large optical gain in systems 
with a high density of charge carriers. The price to be 
paid for the gain exceeding what can be achieved in semi- 
conductors by 3 or 4 orders of magnitude is the high cur- 
rents needed for an effective tunneling pumping of the 
system. The current value j — 10 6 -j- 10 8 A/cm 2 seems 
to be very large for homogeneous bulk metals because of 
the accompanying Joule heating. Special measures are 
needed to avoid heating the active, lasing region. One 
solution to that problem is to arrange for the current 
injection to be inhomogeneous in space. This can be 
achieved if the magnetic conductors are electrically con- 
nected through a point contact. The spreading out of 
the current far from the narrow point contact provides 
for an efficient dissipation of heat [15]. A current den- 
sity j ~ 10 8 A/cm 2 can be reached without significant 
heating of the contact region. On the other hand, the 
extremely large optical gain g opt ~ 10 7 cm" 1 means that 
it is enough to have a small volume of active lasing re- 
gion. Such a structure can be prepared on the basis of the 
technique suggested in Ref. [16] for fabrication of biepi- 
taxial films of Lao^Sr^.^MnO^ with 45° in-plane rotated 
domains. 

In summary we have proposed a new principle for 
a compact solid-state laser working in the 1-100 THz 
regime. The proposed laser is based on a new mechanism 
for creating spin-flip processes in ferromagnetic conduc- 
tors. The mechanism is due to the interaction of light 
with conduction electrons; the interaction strength, be- 
ing proportional to the large exchange energy, exceeds the 
Zeeman interaction by orders of magnitude. On the basis 
of this interaction, a giant lasing effect was predicted for 
systems where a population inversion can be created by 
tunneling injection of spin-polarized electrons from one 
ferromagnetic conductor to another — the magnetization 
of the two ferromagnets having different orientations. Us- 
ing experimental data for ferromagnetic manganese per- 
ovskites with nearly 100% spin polarization we show the 



laser frequency to be in the range 1-100 THz. The optical 
gain is estimated to be of order 10 7 cm _1 , which exceeds 
the gain of conventional semiconductor lasers by 3 or 4 
orders of magnitude. An experimental study based on a 
point contact geometry to avoid heating by the necessar- 
ily large injection currents was proposed and discussed. 
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